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DRIVER CIRCUIT FOR GALLIUM NITRIDE
(GAN) HETEROJUNCTION FIELD EFFECT
TRANSISTORS (HFETS)

PRIORITY CLAIM

The present application claims the benefit of priority of
U.S. Provisional Patent Application Ser. No. 61/205,316 filed

Jan. 20, 2009, and claims the benefit of priornity of U.S.
Provisional Patent Application Ser. No. 61/211,612 filed Apr.

1, 2009, both of which are incorporated by reference herein in
their entireties for all purposes.

STATEMENT OF GOVERNMENT INTEREST

The present mvention was developed with funding from
the Office of Naval Research under award N00014-07-1-

0603; N0O0014-05-0734; and N0O0014-03-1-0940. Therefore,
the government retains certain rights in this invention.

BACKGROUND

The present disclosure relates generally to gallium nitride
(GalN) heterojunction field effect transistors (HFETs) and,
more particularly, to a driver circuit and integrated circuit
implementation of a driver circuit for GaN HFETs.

Research on wide-band I1I-Nitride semiconductor materi-
als, such as GaN, has been rapidly developing in the past few
years. These materials have unique properties, including high
clectron mobility, high saturation velocity, high sheet-carrier
concentration at heterojunction interfaces, high breakdown
voltages, low thermal impedance (when grown over S1C or
bulk AIN substrates), chemical inertness, and radiation hard-
ness.

Compared with S1 FETs, GaN HFETs have lower specific
on-resistance due to the high-density, two-dimensional elec-
tron gas, and high electron mobility. For instance, the on-
resistance of GaN HFETs 1s almost three orders lower than
that of S1 MOSFFETs. In addition, GaN HFETs can work at
relatively high temperature ranges which S1 MOSFETSs can-
not reach and have higher breakdown fields than S1 MOS-
FETs due to the large bandgap energy of GaN material. I1I-
Nitride transistors have been shown to operate at up to 300° C.
with no noticeable parameter degradation. I1I-Nitride transis-
tors also have high breakdown voltages of up to, for instance,
1600V. Furthermore, the switching speeds of GaN HFET's are
expected to be higher than those of S1 MOSFET's due to low
gate-source capacitance.

Both the relatively low gate-source capacitance and rela-
tively low on-resistance of GaN HFETs provide for good
switching characteristics. For instance, when applied to
power electronics, the GaN HFETs allow for high power
switching with sub-microsecond and nanosecond switching
times. These properties make I1I-Nitride technology a prom-
1sing approach for high-power, high-temperature, high-
speed, and high-etliciency applications. Using insulated gate
I1I-Nitnnde HFETSs further increases achievable power levels
and further improves high temperature stability. Because of
the above characteristics, GaN HFETs would be extremely
usetul 1n industrial power electronic applications and would
improve elliciency and regulation 1n, for mstance, AC-DC
and DC-DC power converters, DC-AC inverters, and other
power electronic devices.

Currently, however, driver circuits for GaN HFE'T switches
are not commercially available. The lack of available high-
frequency driver circuits 1s one factor preventing the applica-
tion of GaN HFETs i power electronic devices. Modified
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driver integrated circuits for power S1 MOSFETs can be used
to drive GaN HFET switches. Unfortunately, however, most
modified driver circuits for power S1 MOSFETs work at low
frequencies, such as below 1 MHz. A few driver circuits are
known to work at about 5 MHz, but the output impedance of
these driver circuits 1s not compatible with GaN HFET
devices and can lead to unnecessary power loss.

Conventional driver circuits typically include a pair of
complementary devices, such as a pair of emitter followers 1n
an AB class amplifier or PMOS and NMOS transistors 1n a
totem pole configuration. These devices supply the charge
needed to charge the gate-source capacitance of the power
transistor to allow the transistor to turn on and off (i.e. switch
between a conducting state and a non-conducting state).
These approaches are well-suited for low frequency applica-
tions. However, when the frequency increases, neither the
losses due to switching the driver circuit MOSFETSs or the
power transistor are acceptable.

Driver circuits capable of operating at high frequencies
ex1st. Among these approaches, one of the most efficient 1s the
resonant gate drive circuit. In a resonant gate drive circuit,
switching loss reduction, critical 1n high frequency applica-
tions, 1s obtained by resonant transitions 1n an LC circuit that
involves the gate-source capacitance of the power transistor.

FIG. 1 illustrates an exemplary resonant drive circuit 100
with efficient energy recovery capabilities and FI1G. 2 depicts
its relevant wave forms. The principle of operation of the
resonant drive circuit 100 1s that energy stored in the gate-
source capacitance C,__ for power transistor 120 1s recycled
and stored back 1n the gate-source capacitance C,__, but with
the opposite voltage polarity. Thus, energy 1s always stored in
the gate-source capacitance C, __, but the effective gate-source
capacitor voltage 1s alternated between a positive voltage
state and a negative voltage state. In this manner, a quasi
square wave voltage can be imposed on gate-source capaci-
tance C, _1nalow-loss manner. The process 1s achieved when
the inductor L, and capacitance C,__ are resonating together,
with resonance being stopped when the gate-source capaci-
tance C,__1s at a minimum or at a maximum

FAY

With reference to FIGS. 1 and 2, the operation of the
exemplary resonant drive circuit 100 will now be discussed
beginning at the negative storage position when the gate-
source voltage Vgs_M1 of power transistor 120 1s approxi-
mately zero and when both PMOS transistor 102 and NMOS
transistor 104 are turned oif (1.e. are 1 a non-conducting
state). At time t1, when PMOS transistor 102 1s turned on, the
inductor current 1,, begins to tlow and charges the gate-

source capacitor C, . of the power transistor 120. When the
voltage across the gate-source capacitor C,__reaches a value
slightly higher than VDD at 12, the diode 110 conducts and
clamps the gate-source voltage Vgs_ M1 at VDD and the
inductor current 1,, continues to flow freewheeling along
diode 110. At time t3, PMOS transistor 102 turns oif causing
the inductor current 1, , to decrease. This causes the diode 108
to conduct and the imnductor current 1, 5 to flow from GND to
VDD by way of diode 108, inductor L, and diode 110,
thereby returning energy to the voltage source VDD. Between
t3 and t4, the inductor current 1, , decreases from I ... , .- to zero
and the gate source voltage Vgs_M1 remains at VDD.

At time t5, the NMOS transistor 104 turns on and the
inductor current 1, , begins to tlow 1n the opposite direction,
discharging the gate-source capacitance C, . of the power
transistor 120 until the voltage across gate-source capaci-
tance C,__ 1s slightly less than zero at t6. The diode 112 then
conducts and clamps the gate-source voltage Vgs M1 of
power transistor 120 at zero as the inductor current 1, , con-

tinues to tlow freewheeling along diode 112. At time t7, when
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NMOS transistor 104 turns off, the inductor current
increases, causing the diode 106 to conduct. The inductor

current 1, , then tlows from GND to VDD by way of diode
112, inductor L, and diode 106, returning energy to the volt-
age source VDD. Between t7 and t8, the inductor current 1, ,
increases from —I,. . to zero and the gate-source voltage
Vgs_ M1 of the power transistor 120 remains at GND.

By using the LC resonant circuit topology discussed above
and the two clamp diodes 110 and 112, the power losses of the
driving circuit 100 can be reduced. Indeed, the smaller the
gate resistance of power transistor 120, the smaller the power
loss of the driver circuit 100. In addition, energy used for
commutation can be recovered.

While the high efficiency drive circuit 100 of FIG. 1 15 a
suitable driver circuit for high-frequency applications and has
the property of voltage clamping required for driving GaN
HFETS, the resonant drive circuit 100 of FI1G. 1 1s not directly
applicable to GalN HFET devices. For instance, GaN HFETs
are zero voltage turn-on devices. In particular, GaN HFETs
require a zero voltage to turn on (i.e. to be 1 a conducting,
state) and a negative voltage to turn off (1.e. to be 1n a non-
conducting state). Therefore, a driver circuit for GaN HFETs

must be able to work under a negative voltage supply VSSH
and GND.

Moreover, GaN HFETSs operating above 10 MHz demand
a high-speed drive circuit with a 50 mA or higher output
current. Most of the commercially available PMOS and
NMOS ftransistors have much higher output current rates
which are not compatible with GaN HFET devices and lead to
unnecessary power loss. In addition, most commercially
available power MOSFETSs have long rise and fall times. For
example, high frequency power MOSFETs have rise and fall
times around 10 ns. Using a discrete power PMOS and
NMOS as the totem pole pair for the drive circuit will add
extra delay to the driver circuit and consequently limit the
operation frequency of the drive circuit.

Thus, there 1s a need for a driver circuit and integrated
circuit implementation of a driver circuit that 1s compatible
with GaN HFETSs that overcomes the above-mentioned dis-
advantages.

L.L

SUMMARY

Aspects and advantages of the invention will be set forth 1n
part in the following description, or may be obvious from the
description, or may be learned through practice of the mven-
tion.

One exemplary embodiment of the present disclosure 1s
directed to a driver circuit for driving a III-Nitride HFET
device, such as a GaN HFET device. The driver circuit
includes a resonant drive circuit having an LC circuit with an
inductance and a capacitance. The capacitance of the LC
circuit includes the gate-source capacitance of the I1I-Nitride
HFET device. The driver circuit further includes a level
shifter circuit configured to receive a first signal and to
amplify the first signal to a second signal. The polarity of the
second signal 1s different from the polarity of the first signal
and the drive capability of the second signal can be increased.
The resonant drive circuit 1s controlled based at least in part
on the second signal such that the resonant drive circuit pro-
vides a first voltage to the III-Nitride HFET device to control
the III-Nitride HFET device to operate 1n a conducting state
and to provide a second voltage to the III-Nitride HFET
device to control the I1I-Nitride HFET device to operate 1n a
non-conducting state.

Variations and modifications can be made to this exem-
plary embodiment of the present disclosure.
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These and other features, aspects and advantages of the
present mnvention will become better understood with refer-
ence to the following description and appended claims. The
accompanying drawings, which are incorporated 1n and con-
stitute a part of this specification, 1llustrate embodiments of
the invention and, together with the description, serve to
explain the principles of the mnvention.

BRIEF DESCRIPTION OF THE DRAWINGS

A Tull and enabling disclosure of the present ivention,
including the best mode thereof, directed to one of ordinary
skill 1n the art, 1s set forth 1n the specification, which makes
reference to the appended figures, 1n which:

FIG. 1 depicts a circuit diagram of an exemplary known
resonant driver circuit for driving power transistors;

FIG. 2 depicts a graphical depiction of relevant wavetforms
for the known resonant driver circuit depicted in FIG. 1;

FIG. 3 depicts a driver circuit according to an exemplary
embodiment of the present disclosure;

FIG. 4 depicts a driver circuit according to an exemplary
embodiment of the present disclosure;

FIG. 5 depicts simulation waveforms for a portion of a

driver circuit according to an exemplary embodiment of the
present disclosure;

FIG. 6 depicts simulation wavelorms for a driver circuit
according to an exemplary embodiment of the present disclo-
SUre;

FIG. 7 depicts a driver circuit according to an exemplary
embodiment of the present disclosure;

FIG. 8 depicts a block diagram of a two-stage level shifter
circuit used in a driver circuit according to an exemplary
embodiment of the present disclosure;

FIG. 9 depicts a circuit diagram of a first stage of a two-
stage level shufter circuit used 1n a driver circuit according to
an exemplary embodiment of the present disclosure;

FIG. 10 depicts a circuit diagram of a second stage of a
two-stage level shifter circuit used 1n a driver circuit accord-
ing to an exemplary embodiment of the present disclosure;

FIG. 11 depicts stmulation wavetforms for a driver circuit
according to an exemplary embodiment of the present disclo-
sure;

FIG. 12 depicts an exemplary integrated circuit layout for
a driver circuit according to an exemplary embodiment of the
present disclosure;

FIG. 13 depicts a driver circuit according to an exemplary
embodiment of the present disclosure;

FIG. 14 depicts a block diagram of a two-stage level shifter
circuit used 1 a driver circuit according to an exemplary
embodiment of the present disclosure;

FIG. 15 depicts a circuit diagram of a level shifter circuit
used 1n a driver circuit according to an exemplary embodi-
ment of the present disclosure;

FIG. 16 depicts a circuit diagram of a level shifter circuit
used 1n a driver circuit according to an exemplary embodi-
ment of the present disclosure;

FIG. 17 depicts a circuit diagram of a level shifter circuit
used 1n a driver circuit according to an exemplary embodi-
ment of the present disclosure;

FIG. 18 depicts stmulation wavetorms for a driver circuit
according to an exemplary embodiment of the present disclo-
Sure;
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FIG. 19 depicts simulation waveiorms for a driver circuit
according to an exemplary embodiment of the present disclo-
sure; and

FIG. 20 depicts an exemplary integrated circuit layout for
a driver circuit according to an exemplary embodiment of the
present disclosure.

DETAILED DESCRIPTION

Reference now will be made 1n detail to embodiments of
the invention, one or more examples of which are illustrated
in the drawings. Each example 1s provided by way of expla-
nation of the invention, not limitation of the invention. In fact,
it will be apparent to those skilled in the art that various
modifications and variations can be made in the present
invention without departing from the scope or spirit of the
invention. For instance, features illustrated or described as
part of one embodiment can be used with another embodi-
ment to yield a still further embodiment. Thus, 1t 1s intended
that the present mvention covers such modifications and
variations as come within the scope of the appended claims
and their equivalents.

Generally, the present disclosure 1s directed to a driver
circuit and 1ntegrated circuit implementation of a driver cir-
cuit that 1s suitable for driving GaN HFET's. The driver circuit
uses a topology of a resonant drive circuit with effective
energy recovery to provide low gate-driver loss, fast switch-
ing speed, voltage clamping, small cross-conduction power
loss, and high tolerance of time variation of the control sig-
nals. The resonant drive circuit topology can be constituted by
a high voltage (HV) NMOS and a HV PMOS connected 1n a
totem pole configuration, clamping diodes, inductor, and the
gate-source capacitance ol a GalN HFE'T. The inductor can be
the parasitic inductance of a conductor used 1n the driver
circuit making the driver circuit free of magnetic compo-
nents.

GalN HFET devices are zero voltage switch-on devices and
need to be driven by a zero voltage to be turned on (1.e. driven
to a conductive state) and a negative voltage to be turned off
(1.e. be driven to a non-conductive state). For example, 1n
particular implementations, a GaN HFE'T device needs a OV
signal to be driven to a conductive state and a =7V signal to be
driven to a non-conductive state. As used herein, a transistor
1s considered to be 1n a conductive state when the transistor 1s
controlled so that current flows between two terminals of the
transistor, such as the drain terminal and the source terminal
ol the transistor. A transistor 1s considered to be in a non-
conductive state when the transistor 1s controlled so that cur-
rent does not flow between two terminals of the transistor,
such as the drain terminal and the source terminal of the
transistor.

To achieve the necessary driver signals for the GaN HFET
device, driver circuits according to embodiments of the
present disclosure include level shifter means for changing
the polarity, voltage level, and current level of typical low
power digital signals. The present disclosure provides numer-
ous examples of level shifter circuitry that can act as level
shifter means for changing the polanty, voltage level, and
current level of the low power digital signals to the requisite
driver signals required for a GaN HFET device. The term
level shifter means 1s mntended to encompass such disclosed
level shifter circuitry as well as equivalents and variations
thereof.

The driver circuit according to embodiments of the present
disclosure provides numerous advantages. For instance, the
use of a smart resonant topology, with effective energy-re-
covery, reduces the power loss of the circuit. The low-1imped-
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6

ance path of the resonant circuit minimizes the conduction
losses. The use of small pulse-width signals avoids the cross-
conduction of the totem pole arrangement of the PMOS and
NMOS transistors which provides further reduction of power
loss 1n the circuit. The resonant inductor limaits the switching
power loss by slowing down the increase of the drain circuit
of the GaN HFET device, which decreases the overlap
between the drain current and the drain source voltage of the
GaN HFET device. Moreover, the voltage clamped commu-
tation makes the circuit tolerant to the timing variation of the
control signals.

Referring now to FIG. 3, a first exemplary embodiment of
a driver circuit 200 according to the present disclosure 1s
illustrated. Driver circuit 200 includes a resonant drive circuit
210 and level shifter circuits 212 and 214. Resonant drive
circuit 210 1ncludes a totem pole arrangement of a PMOS
transistor M 5., and NMOS transistor M, coupled between
a reference signal line GND and negative voltage source
VSSH. An LC circuit having inductance L, and capacitance
C,.. 1s coupled to a junction between PMOS transistor M 5,
and M ... The inductance L, can be the parasitic inductance
of a conductor used in the LC circuit and capacitance C, __ can
be the gate-source capacitance of the GaN HFET device M, .
The resonant drive circuit 210 further includes a clamping
diode D5, coupled to the LC circuit and PMOS transistor
Mz, and a clamping diode D,,,, coupled to the LC circuit
and the NMOS transistor M ,, .

The resonant drive circuit 210 1s controlled based on sig-
nals received from level shifter circuits 212 and 214. In par-
ticular, level shifter circuit 212 provides a signal to PMOS
transistor M., to control PMOS transistor M 5, to either
operate 1 a conducting state or a non-conducting state (1.e.
turn on or turn ofl). Sitmilarly, level shifter circuit 214 pro-
vides a signal to NMOS transistor M5, to control NMOS
transistor M., to operate 1n a conducting state or a non-
conducting state (1.e. turn on or turn oil).

When the PMOS transistor M., 1s 1n a conducting state
and the NMOS transistor M, 1s 1n a non-conducting state,
the resonant drive circuit 210 provides a first voltage, such as
0V, to the GaN HFET device, controlling the GaN HFET to
operate 1n a conducting state. When the PMOS ftransistor
M, 1s 1n a non-conducting state and the NMOS transistor
M =5 18 1n a conducting state, the resonant drive circuit 210
provides a second voltage, such as -7V, to the GaN HFET
device, controlling the GaN HFET to operate in a non-con-
ducting state.

The level shifter circuits 212 and 214 are configured to
change the polarity and to amplity the voltage and power level
of input signals to provide signals suitable for driving the

GaN HFET device M, . For instance, as shown in FI1G. 3, level
shifter circuits 212 and 214 receive signals 222 and 224.
Signals 222 and 224 are low voltage digital signals that can be
provided from an FPGA or digital signal processor. The low
voltage digital signals can alternate, for example, between a
reference line voltage GND and VDD. In particular embodi-
ments, GND can be about OV and VDD can be about 3.3 V.
The level shifter circuits 212 and 214 convert signals 222
and 224 into signals 232 and 234 respectively. Signals 232
and 234 alternate between GND and VSSH. In particular
embodiments, GND can be about OV and VSSH can be about
—7V. In this manner, level shifter circuits 212 and 214 convert
low voltage digital signals 1nto signals suitable for driving
GaN HFET device M, . In a particular embodiment, as 1llus-
trated 1n FIG. 3, level shifter circuits 212 and 214 can be
operational amplifiers used to change the signals 222 and 224
to signals 232 and 234 with changed polarity and improved
drive capability.
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FI1G. 4 depicts an exemplary embodiment of a driver circuit
300 implemented using operational amplifiers 312, 314 as
level shifting circuits. Input control signals VIN1 and VIN2
are provided through inverter circuits 302 and 304 to the
negative input of operational amplifiers 312, 314 respectively.
Operational amplifier 312 1s coupled to PMOS transistor 322.
Operational amplifier 314 1s coupled to NMOS transistor 324.
To reduce power loss, low on-resistance transistors, such as
ZXMD63P02X and ZXMD63N02X, are used for the totem
pole arrangement of PMOS transistor 322 and NMOS tran-
s1stor 324 of resonant drive circuit 310. Schottky diodes, such

as 10bq015, were used for diode 332 and diode 334 because

they have low forward voltages and small reverse-recovery
charges. L, 1s the parasitic inductance of the interconnect-
wire and can be changed by adjusting the length of the wire.
C,.. 1s the gate-source capacitance of the GaN HFET device
340. The load 342 i1s 1K ohms.

The GaN HFET device 340 can be similar to the GaN

HFET device produced 1n a microelectronic laboratory at the
University of South Carolina. In the experimental evaluation,

a 100 um wide AlGaN/GaN HFET device built on sapphire

was used 1n the driver circuit, which has a gate length of 2 um,
gate-to-drain distance of 10 um and gate-to-source distance
of 2 um. The GaN HFFET device has a measured current
density of 0.8 A/1 nm, breakdown voltage above 300V and
dynamic on-resistance around 5 m&2-cm2. The GaN HFET
device 1s passivated with silicon nitride and has a field plate
with an overhang length o1 2 um for the suppression of current
collapse.

FIG. 5 depicts Aimspice simulation results for the resonant
drive circuit 310 of FIG. 4 for a 25 MHz switching frequency
with a pulse width of 7.5 ns for the mput signals. FIG. 6
depicts aimspice simulation results for the entire driver circuit
300 of FIG. 4 for a 5 MHz switching frequency with a pulse
width of 65 ns for the input signals. As depicted in FIG. 6, the
delay time 1s 20 ns, the rise time 1s 8 ns, and the fall time 1s 8
ns. All these values are much larger than those shown 1n FIG.
5. The main reason 1s the mismatch between the operational
amplifiers 312, 314 and PMOS transistor 322 and NMOS
transistor 324 1n the totem pole arrangement. The drive sig-

nals from the operational amplifiers 312, 314 are distorted
due to the fact that high-speed operational amplifier chips
(L'T1364) were used to work as the level shifting circuits and
because the output currents of these operational amplifiers
312, 314 are approximately 50 mA and are not large enough
to drive the power transistors 322, 324 in the totem pole
arrangement. These distorted signals lead to longer delay,
rise, and fall times for the results shown in FI1G. 6, compared
to the simulation results shown 1n FIG. 5. Moreover, conduc-
tors used to implement the driver circuit 300 of FIG. 4 can
include large parasitic inductances, leading to significant
ripples 1n the gate-source voltage of the GaN HFET device.

The above disadvantages can be overcome through an inte-
grated circuit implementation of a driver circuit according to
exemplary embodiments of the present disclosure. An 1inte-
grated circuit implementation allows for improved matching
characteristics between the driver circuit and the GaN HFET
device and can also reduce the time delay induced by the
driver circuit. An integrated circuit implementation also
reduces the size of the driver circuit and makes the application
of the driver circuit to GaN HFE'T devices convenient as well.

Fabrication technology for high-speed digital integrated
circuits has traditionally sought to reduce minimum feature
s1ze and gate oxide thickness to reduce power supply voltage
requirements. However, this trend runs contrary to the
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demands of power electronic devices, which typically require
much higher supply voltages than those used by digital inte-
grated circuits.

Several existing technologies ingrate both, high-voltage
(HV) analog and low-voltage (LV) digital circuits onto a
single itegrated circuit chip to achieve mimaturization, high
elliciency, reliability, and low cost. For example, one existing
technology for integrating both HV analog and digital circuits
onto a single chip 1s the Smart-Voltage-eXtension (SVX)
technology, which implements HV devices in standard
CMOS technologies by combining existing layers without
moditying process steps. The integrated circuit implementa-
tions of the exemplary driver circuits discussed below are
implemented using SVX technology. However, those of ordi-
nary skill in the art, using the disclosures provided herein,
should understand that other suitable processes for combin-
ing HV analog and digital circuits onto a single chip can be
used without deviating from the scope of the present disclo-
sure.

FIG. 7 provides a block diagram of a driver circuit 400 that
can be implemented 1n an mtegrated circuit according to an
exemplary embodiment of the present disclosure. Driver cir-
cuit 400 includes resonant drive circuit 420, charge pump
circuit 430, level shifter circuits 450 and 460, and digital
block 440. The totem pole arrangement and clamping diodes
of resonant drive circuit 420, along with charge pump circuit
430, digital block 440, and level shifter circuits 450 and 460,
are 1mplemented on an integrated circuit 410 using SVX
technology.

Charge pump circuit 430 generates the negative high volt-
age VSSH required for the resonant drive circuit 420 from the
positive low voltage power supply VDD. The digital block
440 converts the low voltage digital signal VDD 1nto two
narrow pulse-width control signals. The level shifter circuits
450 and 460 change the polarity and amplity the voltage and
power level of the control signals. The amplified signals are
used to drive the GaN HFE'T device 480 by way of resonant
drive circuit 420, the detail and operation of which 1s dis-
cussed above. Proper values of inductance L, obtained by
adjusting the length of the PCB wire and of C,_, the gate-
source capacitance of the GaN HFET device 480, govern the
resonant transition.

The level shifter circuits 450 and 460 are used to convert a
positive signal with a GND to VDD voltage swing to a nega-
tive signal with a voltage swing from GND to VSSH. In a
particular embodiment, level shifter circuits 450 and 460 can
be two-stage level shifter circuits configured to change the
polarity and amplity the control signals provided by digital
block 440.

A block diagram of an exemplary two-stage level shifter
circuit 300 1s provided 1n FIG. 8. As illustrated, the two-stage
level shifter circuit 500 includes three main parts, a first stage
510, a second stage 520, and a bias circuit 330. The first stage
510 1s configured to receive signal 502 which alternates
between GND and VDD and converts signal 502 into signal
512. Signal 512 alternates between VDD and VSSH. Second
stage 520 1s configured to receive signal 512 and convert
signal 512 to signal 522. Signal 522 alternates between GND
and VSSH. The bias circuit 530 provides all the bias voltages
and currents for the second stage 520.

FIG. 9 depicts an exemplary circuit diagram for the first
stage 510 of level shifter circuit 500 according to an exem-
plary embodiment of the present disclosure. Exemplary first
stage 510 shown in FIG. 9 includes two coupled voltage
mirrors. One voltage mirror includes a HV PMOS M_F1,
together with a low-voltage NMOS M_F11 connected 1n a
diode configuration as the load. In parallel to M_F11 1s tran-
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sistor M_F12. The other voltage mirror includes HV PMOS
M_F2, together with a low-voltage NMOS M_F14 connected

in a diode configuration as the load. In parallel to M_F14, a
pull-down transistor M_F13 1s used to drive the output volt-
age to a high-voltage power supply VSSH 1n the low state.

The drniving signal of the gate of M_F13 1s complementary
to FLL1 due to the cross-coupling of two voltage mirrors.
Assuming the output voltage 1s always low enough to make
M_F2 work 1n the saturation region, the NMOS transistor
M_F14, connected as a diode, always works 1n the saturated
region.

The current mirror formed by M_F7 and M_F8 1s used to
generate the current for M_F1 and M_F2. When M_F7 and
M_F8 are the same size, a current equal to Iref will switch
between M_F11 and M_F14. Using three 1dentical NMOS
transistors for M_F11, M_F14, and M_F9, the output voltage
level of FLL1 depends and can be fixed by the current flowing
through M_F11 and M_F14.

The possible deviation of the output voltage VOU'T at the
output FLL1 1s given by the tolerance of the low-voltage power
supply, according the following;:

Hff‘ff
VOUT = VSSH + 2,3 + Vol =
4 A
( \
Bﬂ 2
QH—(VDD [Vinl)

VSSH + +|V,|| = VSSH + VDD

ﬁﬂ /

Two high-voltage buflers are added to convert FLL1 and
FL1_INV to high voltage-swing signals (negative VSSH to

positive VDD). Since the mput digital signals are about 3.3V,
and there 1s a voltage drop at the current mirror node 5135
shown 1n FIG. 9, low threshold-voltage HV transistors are
preferably chosen for the 1mput stage of the first stage low-
current level shifter in order to guarantee the input transistor
operating without dependence on the process variation and to
reduce the transistor size for fast switching.

FIG. 10 depicts a circuit diagram for an exemplary second
stage 520 of level shifter circuit 500 according to an exem-
plary embodiment of the present disclosure. The second stage
ol the level shifter 1s a low standby-current level shifter which
generates the GND (e.g., 0V) to VSSH (e.g., —=7V) output
signals with high output current and low power dissipation.
The circuit implements a negative shift-level converter. To

reduce the standby static currents 1n the circuit, a high-voltage
butler stage 1s added between the HV NMOS transistor of the
output stage and the static level shifter. One of the HV butfer
stages 1s formed by HV source-follower transistor M16, pull-
down transistor M15, and the current source 11. The cross-
coupled pair 1s split up into two parts (M3, M4, M11, M12 and
M5, M6, M13, M14) 1n order to obtain a the voltage swing
from VSSH to VSSH+VDD for FLL1 and FLL1_INV. The split-
ting of the cross-coupled pair 1n the static level-shifter cell
maintains the voltage swing at VDD for SH since the voltage
level of SH 1s VSSH+VDD and the voltage level of SH2 must
be (VSSH+VDD+IV_ |).

The operation of the second stage 520 1s as follows: when
SHI1 is active and high, the output is pulled down to VSSH by
discharging the gate capacitance of the output NMOS device.
When SH2 1s active and high, SH is pulled up until M16
enters into weak 1inversion, thus charging the gate capacitance
to VOU'T. While the maximum voltage swing of SH 1s limited
to VDD by the static level-shifter cell, its voltage level 1s
maintained at (VSSH+VDD) by the current source I1. The
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static value of I1 should be close to the minimum current
required to keep M16 in weak mversion.
The “Beta Multiplier Current Mirror” 523 1s used to gen-

erate the reference current. The size of NMOS transistors M3,
M6, M11 and M14 1s preferably carefully chosen so that the

voltage swing of the output signal SH 1s VDD, according to
the following:

VOUT = VSSH +

] + |Vins| + | Vin1al — | Vsl

J Qﬂfrgf ( | |
_I_
_ Kn \VSs VSu

The signals SH and SH are outputted to high-voltage buffers
to generate the signals with voltage swing from VSSH to
GND and with increased output current.

FIG. 11 provides Cadence-Spectre simulated waveforms
for the driver circuit 400 using the exemplary two-stage level
shifter circuit 500 as level shifter circuits 450 and 460. The
mput signal S 1s a 3.3V LV control signal, and the pulse
generator changes this signal to two small pulse-width signals
S_IN1 and S_IN2 with the same voltage levels. These two

signals are outputted to the two-stage level shifters and trans-
formed into two HV signals S_OUT2 and S_OUT1_B, which
have the voltage-swing from -7V to OV. Finally, these two
HYV signals are used to drive the PMOS and NMOS transistors
ol a resonant drive circuit and OUT_DRY 1s the signal at the
gate of the GaN HFET device. The simulation forecasts reveal
that the output drive current 1s about 50 mA. The rise time 1s
about 5 ns, fall time 1s about 5 ns, and delay time 1s about 10
ns.

FIG. 12 depicts an exemplary layout 600 for an integrated
circuit implementation of a driver circuit according to an
exemplary embodiment of the present disclosure. As 1llus-
trated, the layout 600 includes locations for digital block 640
(which may include a pulse generator 644 and two bulfer
circuits 642), first stage circuitry 610 for two level shifter
circuits, second stage circuitry 620 for two level shifter cir-
cuits, bias circuits 630 for two level shifter circuits, and the
totem pole arrangement 650 of PMOS and NMOS transistors
for a resonant drive circuit.

Since a driver circuit according to embodiments of the
present disclosure can includes two identical level shifters,
the use of mirror-image placements for the cells 610 and 620
provides advantages. First, it will save layout efl

orts, since the
same layout can be used for both level shifters. Second, 1t will
ensure that the two level shifters will have good matching
between each other and, consequently, similar electrical char-
acteristics.

The large amount of output current, 1.e. 50 mA, required to
drive the GaN HFET devices at 10 MHz, forces the use of
layout techniques peculiar to high-current circuits. In particu-
lar the routing of the high-current leads represents an impor-
tant aspect for the reliability of the circuit. Normally, elec-
tromigration sets a lower limit on the width of a high-current
lead, but metal resistance often forces the use of much wider
leads. All high-current leads are pretferably kept as short as
possible to reduce unnecessary metal resistance. The exem-
plary layout of the high-current power leads VSSH and GND
of FIG. 12 make sure that these two leads can access all the
related cells easily and with short lengths

The pulse generator 644 and two bullers 642 are included
in the digital block 640. The digital block 640 1s powered by
the LV power supply, VDD. In order to obtain good 1solation
between the digital and the analog part of the circuit, floating
[LV-devices instead of substrate based LV-devices can be used
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tor the LV digital circuit. This can provide several advantages
because floating devices are more robust against substrate
noise; substrate based LV-devices can generate substrate
noise; substrate based LLV-devices can collect substrate cur-
rents; the area penalty for floating logic 1s negligible; and

substrate based LV-devices need additional layers (Standard
NTUB and PIT'UB) for 1solation.

Referring now to FIG. 13, a block diagram of an integrated
circuit implementation of a driver circuit 700 according to
another exemplary embodiment of the present disclosure will
be discussed 1n detail. Driver circuit 700 includes resonant
drive circuit 720, digital block 730, and level shifter circuits
750 and 760. The totem pole arrangement and clamping
diodes of resonant drive circuit 720, along with digital block
730, and level shifter circuits 750 and 760, are implemented
on an integrated circuit 710 using SVX technology.

The digital block 730 converts the low voltage digital sig-
nal VDD 1nto two narrow pulse-width control signals. The
level shifters 750 and 760 change the polarity and amplify the
voltage and power level of the control signals. The amplified
signals are used to drive the GaN HFET device 780 by way of
resonant drive circuit 720, the detail and operation of which 1s
discussed above. Proper values of inductance L, obtained by
adjusting the length of the PCB wire and of C,__, the gate-
source capacitance of the GaN HFET device, govern the
resonant transition.

The level shifter circuits 750 and 760 are used to convert a
positive signal with a GND to VDD voltage swing to a nega-
tive signal with a voltage swing from GND to VSSH. In a
particular embodiment, level shifter circuits 750 and 760 can
be two-stage level shifter circuits configured to change the
polanity and amplily the control signals provided by digital
block 730.

FIG. 14 provides a block diagram of an exemplary two-
stage level shifter circuit 800. As 1llustrated, the two-stage
level shifter circuit 800 1includes three main parts, a first stage
810, a second stage 820, and a bias circuit 830. The first stage
810 1s a level shifter stage configured to recerve signal 802
which alternates between GND and VDD and convert signal
802 1nto signal 812. Signal 812 alternates between VDD and
VSSH. Second stage 1s a bufler stage 820 configured to
receive signal 812 and convert signal 812 to signal 822. Signal
822 alternates between GND and VSSH. The bias circuit 830
provides all the bias voltages and currents for the level shifter
stage 810.

A circuit diagram of one exemplary two-stage level shifter
circuit 800 1s 1llustrated 1n FI1G. 15. A current mirror topology
1s used to bias the first stage (level shifter cell). The reference
current Iref 1s generated by means of three transistors: M_F7,
M_F8 and M_F9. The size of M_F9 1s adjusted to obtain
required reference current Iref calculated approximately by
the following:

L (M_FQ
e = 2 (2n )(VGS(M_FQJ — Vi)
_ B, (M_EF9) VDD -V, 7
2R

If the transistors M_F7 and M_F8 are matched, a current
equal to Iref will switch between M_F11 and M_F14 by
turning on and off of the input transistors M_F1 and M_F2.

The first stage or level shifter stage comprises two coupled

voltage mirrors. One voltage mirror includes an HV PMOS
M_F2, together with a low-voltage NMOS M_F14 connected
in a diode configuration as the load. In parallel to M_F14, a
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pull-down transistor M_F13 1s necessary to drive the output
voltage to a high-voltage power supply VSSH 1n the low state.
The other voltage mirror includes a HV PMOS M_F1 with a
low-voltage NMOS M_F11 connected as the load. M_F12 1s
connected i parallel to M_F11. The driving signal of the gate
of M_F13 must be complementary to FLL1 due to cross-cou-
pling of the two voltage mirrors.

Assuming the output voltage 1s always low enough to bias
M_F2 1n the saturation region, the NMOS transistor M_F14,
connected as a diode, always works 1n the saturated region.
Choosing the same size for transistors M_F7 and M_F8, the
current flowing through transistor M_F14, calculated by the
tollowing equation, will be equal to Iref.

Br(M_F14)

Iv Fra = o (Ves(M_F14) — V,,,)*

 Bu(M_F14)

(V(FL1) = VSSH -V, )*
2n

Since 1,, - ,~=Iret, solving the above equation, the output
voltage for signal FL, 1s provided as follows:

Qﬂfrgf

Vin
B,(M F14) &

V(FL1) = VSSH + \/

Solving the above equations, the following equation 1s
obtained:

2ni ref

V(FL1) = VSSH + \/ +V,,

M

P2 T5) (VDD — Vy,)?
21

Bn(M_F14)

n

= VSSH + \ + Vm

Using three identical NMOS ftransistors for M_F11,
M_F14, and M_F9, the output voltage level of FLL1 and
FLL1_INV can be fixed by the current flowing through M_F11
and M_F14. The possible deviation of the output voltage 1s
given by the tolerance of the low-voltage power supply,
according to the following:

_(M_F9
2}15 (2 )(VDD — Vin)?
V(FL1) = VSSH + \ E M +V,
zn%(mﬂ — Vi )
=VSSH+\ L 5 +V,,
= VSSH + VDD

The voltage swing of the output signals can be affected by
other factors such as matching of transistors M_F11, M_F14
and M_F9, matching between transistors M_F7 and M_F8,
etc. However, this kind of deviation can be reduced by a good
layout design.

The low level of the mput digital signals (3.3V) and the
voltage drop at the current mirror node 815, as shown 1n FIG.
15, increase the importance of the choice of the input transis-
tor 1n the stage. To provide the correct operation of the circuit
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and to reduce the transistor size for fast switching, low thresh-
old-voltage HV transistors are preferably chosen for the input
stage of the first stage low-current level shifter. As shown 1n
FIG. 15, most transistors 1n the circuit are low-voltage (LV)
transistors. Also, the current of the circuit 1s low and only two
small s1ze HV transistors are required for the mnput transistors.
All these characteristics make the circuit suitable for high

frequency operation.
A HV butler stage, which works under the voltage VSSH

and GND, 1s added after the first-stage level-shifter cell to
change the voltage level and the drive capability of the control
signals. The butfer stage 1s composed of a pair of thick gate-
oxide PMOS transistors M_F19 and M_F21 and a pair of
thick gate-oxide NMOS transistors M_F20 and M_F22. For
obtaining a specific value of output current, higher gate-
source voltage means smaller transistor sizes, so higher
operation speed. The sizes of the transistors and the stages of
the bullfer can be adjusted according to the required drive
current and speed. Consequently, this bufler stage with high
gate-source voltage increases the drive capability of the sig-
nals and maintains a high operation frequency at the same
time.

FI1G. 16 1llustrates a variation of the level shifter circuit 800
depicted 1n FI1G. 15. As described with respect to FI1G. 15, the
low mput voltage levels and the voltage drop at the node 8135
of FIG. 15 make the selection of the input transistors M_F1
and M_F2 critical and also affect the safe operation of the
circuit since the threshold voltages of the high-voltage input
transistors are usually high. FIG. 16 provides a level shifter
circuit 800 that overcomes this disadvantage.

As shown 1n FIG. 16, the current mirror 1s removed 1n this
level shifter. The sources of the input transistors are directly
connected to the positive power supply VDD to eliminate the
turn-on failure risk due to the voltage drop at node 815 of FIG.
15 and the large threshold voltages of the input transistors.

The cross-coupled pair (M_F11, M_F12 and M_F13, M_14
of FI1G. 15) 1s split up 1nto two parts (M_F3, M_F4, M_F11,
M_F12 and M_FS, M_Fé6, M_F13, M_F14 of FIG. 16) 1n
order to obtain a the voltage swing from VSSH to VSSH+
VDD forFL1 and FLL1_INYV and to maintain a voltage drop as
low as possible across the splitting voltage mirror pair so that
the mput transistors always work at the saturation region and
low-voltage transistors can be used 1n the voltage mirror to
obtain high operation speed. However, the sizes for all the
transistors 1n the exemplary embodiment of FIG. 16 need to
be carefully selected to obtain required output voltage and
current.

FIG. 17 depicts another embodiment of a two-stage level
shifter circuit 800. The two-stage level shifter circuit 800 of
FIG. 17 implements a low standby-current positive-to-nega-
tive level shifter cell. A high-voltage bufler stage 1s added
between the HV NMOS transistor of the output stage and the
static level shifter in order to reduce the standby static-cur-
rents 1n the circuit. One of the HV butler stages 1s formed by
HV source-follower transistor M16, pull-down transistor
M13, and the current source I1. The cross-coupled pair 1s split
up 1to two parts (M3, M4, M11, M12 and M5, M6, M13,
M14). The splitting of the cross-coupled pair 1n the static
level-shifter cell maintains the voltage swing at VDD for SH
since the voltage level of SH 1s VSSH+VDD and the voltage
level of SH2 must be (VSSH+VDD+|Vml).

The operation of level shifter circuit 800 of FIG. 17 15 as
follows: when SH1 is active and high, the output is pulled
down to VSSH by discharging the gate capacitance of the
output NMOS device. When SH2 1s active and high, SH 1s
pulled up until M16 enters 1nto weak inversion, thus charging,

the gate capacitance to VOUT. While the maximum voltage
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swing ol SH 1s limited to VDD by the static level-shifter cell,
its voltage level 1s maintained at (VSSH+VDD) by the current
source I1. The static value of 11 should be close to the mini-
mum current required to keep M16 1n weak inversion.

The “Beta Multiplier Current Mirror” 823 1s used to gen-
erate the reference current. The size of NMOS transistors M3,
M6, M11 and M14 needs to be carefully chosen so that the
voltage swing of the output signal SH 1s VDD, according to
the following:

VOUT = VSSH +

_ Qﬂﬂﬁf
Ky

The signals SH and SH are outputted to high-voltage buffers
to generate the signals with voltage swing from VSSH to
GND and with increased output current.

For this stage the same bias circuit used i FIG. 135 1s
chosen for the low standby-current level shifter. The voltage
swing of the output signal SH can be calculated according to
the following;:

] + |Vins| + | Vinral — | Vsl

VISH) = VSSH + ] + [Vinsl + | Vin1al = | Vsl

|
V14

| \/ 2l ( 1
_I_

Solving the above equation leads to the following equation:

K,S
n ’
V(SH) = VSSH + \ ke

(VDD —

‘ﬂn@)z 1 1
Ky,

|Vins| + |Vin14]

— | Vinisl

1 1

= VSSH +

(VDD = Vio) %V So. (

|Vins| + |Vin14]

_'l‘énlﬁl

Three 1dentical type and size of NMOS transistors are
chosen for M6, M14, and M16, and same type and %4 size of
NMOS transistor 1s used for M_F9 of FIG. 15. Using these

parameters, a voltage swing of VDD can be obtained by the
low standby-current level shifter, as shown below:

V(SH) = VSSH +

(VDD V., )« VS /4 $(

:]'F|¥ﬂn|'klkﬁn|"|‘ﬂn|

N

= VSSH + VDD

The same high-voltage butler stage described with respect to
FIG. 15 1s used to convert SH to a high-voltage signal VOUT
which has a voltage swing from VSSH to VDD.

FIGS. 18 and 19 provides a full set of Cadence-Spectre
simulations for relevant wavelorms of two exemplary driver
circuits according to embodiments of the present disclosure.
The wavelorms labeled Driver Circuit 1 are associated with a
driver circuit with the level shifter circuit depicted 1n FIG. 15.
The waveforms associated with Driver Circuit 2 are associ-
ated with a driver circuit using the level shifter circuit

depicted 1n FIG. 16.
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In FIG. 18, the mnput signal S_IN 1s an external 3.3V LV
control signal, and the pulse generator changes this signal to
two small pulse-width signals with the same voltage levels. In
FIG. 19, two external small pulse-width signals, S_IN1 and
S_IN2, are selected directly as the inputs by the digital block.
These small pulse-width signals are output to the two-stage
level shifters and transformed into two HV signals HV_P-
MOS and HV_NMOS, which have the voltage-swing from
-7V to OV, Finally, these two HV signals are used to drive the
HV PMOS and HV NMOS transistors of the resonant drive
circuit and OUT_DRV1/OUT_DRV2 are the output drive

signals from the drive circuit, which are used to drive the GaN
HFET devices. The loads for both of the drive circuits are
capacitors which have a comparable value with the put
capacitance of the GaN HFET devices targeted to drive. Both
of the drive circuits provide a 50 mA output drive current.
FIG. 18 shows the simulation waveforms for Driver Circuit 1
and Driver Circuit 2 when they have one input control signal
and have the operation frequency at 10 MHz. FI1G. 19 shows
the simulation waveforms for Driver Circuit 1 and Driver
Circuit 2 when they choose two external control signals as
their mputs and work at 20 MHz.

As shown 1n FIGS. 18 and 19, the simulation forecasts
reveal that both, Driver Circuit 1 and Driver Circuit 2, work
well at 10 MHz and higher and have similar rise time, fall time
and delay time. The rise time 1s about 3 ns, fall time 1s nearly
3 ns, and delay time 1s around 5 ns.

FIG. 20 depicts an exemplary layout for an integrated
circuit implementation of a driver circuit according to an
exemplary embodiment of the present disclosure. As 1llus-
trated, the layout 900 includes locations for digital block 940
(which may include a pulse generator 944 and two bulfer
circuits 942), first stage (level shifter) and bias cells 910 for
two level shifter circuits, second stage (butler) cells 920 for
two level shifter circuits, and the totem pole arrangement 950
of PMOS and NMOS ftransistors for resonant drive circuit.

Since a driver circuit according to embodiments of the
present disclosure can include two identical level shifters, the
use of mirror-image placements for the cells 910 and 920
provides advantages. First, it will save layout efforts, since the
same layout can be used for both level shifters. Second, 1t will
ensure that the two level shifters will have good matching
between each other and, consequently, similar electrical char-
acteristics.

The large amount of output current, 1.¢. 50 mA, required to
drive the GaN HFET devices at 10 MHz, forces the use of
layout techniques peculiar to high-current circuits. In particu-
lar the routing of the high-current leads represents an 1impor-
tant aspect for the reliability of the circuit. Normally, elec-
tromigration sets a lower limit on the width of a high-current
lead, but metal resistance often forces the use of much wider
leads. All high-current leads are preferably kept as short as
possible to minimize unnecessary metal resistance. The
exemplary layout of the high-current power leads VSSH and
GND of FIG. 12 make sure that these two leads can access all
the related cells easily and with short lengths.

The pulse generator 944 and two butlers 942 are included
in the digital block 940. The digital block 940 1s powered by
the LV power supply, VDD. In order to obtain good 1solation
between the digital and the analog part of the circuit, floating,
LV-devices instead of substrate based LV-devices can be used
tor the LV digital circuit. This can provide several advantages
because floating devices are more robust against substrate
noise; substrate based LV-devices can generate substrate
noise; substrate based LV-devices can collect substrate cur-
rents; the area penalty for floating logic i1s negligible; and
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substrate based LV-devices need additional layers (Standard
NTUB and PTUB) for 1solation.

This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled 1n the art to practice the invention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention
1s defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims 11 they include
structural elements that do not differ from the literal language
of the claims, or if they include equivalent structural elements
with 1nsubstantial differences from the literal languages of
the claims.

What 1s claimed 1s:

1. A driver circuit for driving a I1I-Nitride HFET device,
comprising;

a resonant drive circuit coupled to the III-Nitride HFET
device, said resonant drive circuit comprising an LC
circuit having an inductance and a capacitance, the
capacitance of said LC circuit comprising the gate-
source capacitance of the I1I-Nitride HFET device;

a level shifter circuit configured to recerve a first signal and
to amplily the first signal to a second signal, the polarity
of the second signal being different from the first signal;

wherein said resonant drive circuit 1s controlled based at
least 1n part on the second signal such that said resonant
drive circuit provides a first voltage to the III-Nitride
HFET device to control the III-Nitride HFET device to
operate 1 a conducting state and to provide a second
voltage to the III-Nitride HFET device to control the
IT1I-Nitride HFE'T device to operate 1n a non-conducting
state;

wherein said level shifter circuit comprises a first stage and
a second stage, said first stage configured to recerve the
first signal and to convert the first signal to a third signal,
the third signal alternating between a peak voltage of the
first signal and the second voltage, said second stage
configured to recerve the third signal and to convert the
third signal to the second signal, the second signal alter-
nating between the first voltage and the second voltage.

2. The driver circuit of claim 1, wherein the first voltage 1s
about OV and the second voltage 1s about -7V,

3. The drniver circuit of claim 1, wherein the first signal
alternates between a voltage of about OV and about 3.3V and
the second signal alternates between a voltage of about OV
and about -7V.

4. The driver circuit of claim 1, wherein said resonant drive
circuit comprises a totem pole arrangement of a PMOS tran-
s1stor and a NMOS transistor, said LC circuit being coupled to
a junction between the PMOS transistor and the NMOS tran-
sistor, said resonant driver circuit further comprising first and
second clamping diodes, said first clamping diode coupled to
said L.C circuit and to said PMOS transistor, said second
clamping diode coupled to said LC circuit and to said NMOS
transistor.

5. The driver circuit of claim 1, wherein said inductance of
said LC circuit comprises a parasitic inductance of a conduc-
tor.

6. The driver circuit of claim 1, wherein said second stage
comprises a low standby current level shifter circuit.

7. The driver circuit of claim 1, wherein said second stage
comprises a buliler circuit.

8. The driver circuit of claim 1, wherein said driver circuit
1s implemented as an integrated circuit.
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9. An mtegrated circuit for driving a GaN HFET device,
comprising;
a resonant drive circuit coupled to the GaN HFET device,
said resonant drive circuit comprising a totem pole
arrangement of a PMOS transistor and a NMOS transis-

tor, an LC circuit being coupled to a junction between
sald PMOS transistor and said NMOS transistor, said
LC circuit having an inductance and a capacitance, the

capacitance of said LC circuit comprising the gate-

source capacitance of the GaN HFET device;

a first level shifter circuit coupled to the gate of said PMOS
transistor, said first level shifter circuit configured to
receive a first signal and to amplify the first signal to a
second signal, the polarity of the second signal being
different from the first signal, the second signal alternat-
ing between a first voltage and a second voltage, the
second signal controlling said PMOS transistor to oper-
ate 1 a conducting state when the second signal 1s at the
first voltage and the second signal controlling said
PMOS transistor to operate 1n a non-conducting state
when the second signal 1s at the second voltage;

a second level shifter circuit coupled to the gate of said
NMOS transistor configured to receive a third signal and
to amplity the third signal to a fourth signal, the polarity
of the fourth signal being different from the third signal,
the fourth signal alternating between the first voltage
and the second voltage, the fourth signal controlling said
NMOS transistor to operate 1n a conducting state when
the fourth signal 1s at the second voltage and the fourth
signal controlling said NMOS transistor to operate 1n a
non-conducting state when the fourth signal 1s at the first
voltage;

wherein when said PMOS transistor 1s in a conducting state
and said NMOS ftransistor 1s in a non-conducting state,
said resonant drive circuit provides the first voltage to
the GaN HFET device to control the GaN HFET device
to operate 1 a conducting state, and when said PMOS
transistor 1s a non-conducting state and said NMOS
transistor 1s 1n a conducting state, said resonant drive
circuit provides a second voltage to the GaN HFET
device to control the GalN HFE'T device to operate 1n a
non-conducting state;

wherein said first and second level shifter circuits each
comprise a first stage and a second stage, wherein:

said first stage of said first level shifter circuit 1s configured
to recetrve the first signal and to convert the first signal to
a fifth signal, the fifth signal alternating between a peak
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voltage of the first signal and the second voltage, said
second stage of said first level circuit configured to
receive the fifth signal and to convert the fifth signal to
the second signal; and

said second stage of said second level shifter circuit being

configured to receive the third signal and to convert the
third signal to a sixth signal, the sixth signal alternating
between a peak voltage of the third signal and the second
voltage, said second stage of said second level shifter
circuit configured to receive the sixth signal and to con-
vert the sixth signal to the fourth signal.

10. The integrated circuit of claim 9, wherein at least one of
said second stage of said first level shifter circuit and said
second stage of said second level shifter circuit comprises a
low standby current level shifter circuit, said low standby
current level shifter circuit comprising a static level-shifter
cell, source-follower transistor, pull down transistor and cur-
rent source.

11. The integrated circuit of claim 9, wherein at least one of
said second stage of said first level shifter circuit and said
second stage of said second level shifter circuit comprises a
butler circuit, said buffer circuit comprising a pair of second
and third PMOS transistors and a pair of second and third
NMOS transistors.

12. The integrated circuit of claim 9, wherein at least one of
said first stage of said first level shifter circuit and said first
stage of said second level shifter circuit comprises two
coupled voltage mirror circuits.

13. The integrated circuit of claim 9, wherein at least one of
said first stage of said first level shifter circuit and said first
stage of said second level shifter circuit comprises two
coupled voltage mirror circuits and a current mirror circuit.

14. The integrated circuit of claim 9, wherein at least one of
said first stage of said first level shifter circuit and said first
stage of said second level shifter circuit comprises a low
standby current level shifter circuit, said low standby current
level shifter circuit comprising a static level-shifter cell,
source-follower transistor, pull down transistor and current
source.

15. The integrated circuit of claim 9, wherein said first level
shifter circuit and said second level shifter circuit further
comprise a bias circuit configured to provide a bias current
and a bias voltage.

16. The integrated circuit of claim 9, wherein said inte-
grated circuit 1s implemented using Smart-Voltage-eXtension

(SVX) technology.
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